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Outlook

e Phenomenology for forward dijet production in pA and yA (realized by ultra-peripheral
heavy ion collisions) for LHC kinematics

e Framework: a formalism interpolating between the leading twist limit of the Color
Glass Condensate (which includes saturation) and the High Energy (or kr)
factorization which includes all twists (linear regime)




Dijets in dilute-dense pA collisions

Hybrid approach’

forward dijets with transverse
momentum imbalance:

Bri + 5T2| = 'ET| = kr

asymmteric kinematics:
XB > Xa

e large-x parton in hadron B is treated as ‘collinear’ with standard PDFs
e small-x partons witin hadron A have internal transverse momentum kr

Three-scale problem

© hard scale P (of the order of the average transverse momentum of jets)

@® transverse momentum imbalance kr
@ saturation scale Aqcp < Qs (increasing with energy)

1 A. Dumitru, J. Jalilian-Marian, Phys. Lett. B 547 (2001)



Color Glass Condensate (CGC): Qs ~ kT ~ Pr

Example: gA — gg channel’

dogaz fdzx ?x Py Py
d*pid®p, (2n)? (2n)? (2n)® (2)°

{89 (.21 97.3) - 88 (757, (1 = 2) By + 285) = 85 (1 = 2) Jr + 2%r. 97, %)

e P (4r=%1) g8 (Fr7v) (%5 — ) e (Rr = )

-2 (1= 2)Fr + 237, (1 - 2) s + 2%7))

W, (Xr) — quark wave function
Si;) — correlators of Wilson line operators, e.g.

S (%) = 3 (WU U 7)),

S (Gr.yr¥r) = 5o (T (U@ U 0] Te[U ) U (), - 89 (2. %) ete.
where U(Xr) = U(—o0, +00; Xr), U(a, b; xr) = Pexp [igf: dx+Ag(x+,xT)ta].

(... )5, denotes the average over background color field.

' C. Marquet, Nucl. Phys. A 796 (2007) 41 3



High energy factorization (HEF): kt ~ Pt > Qs

factorization formula’-23#

dO—AB_>2j = Z deA dXB fdk-% '7: (XA, k-,z—,ﬂz) fb/B (XB,/lz) dé\'g*b_)gj (XA, XB, k-,z—,ﬂz)
b

T(XA, k%,,u"’) — Unintegrated Gluon Distribution (UGD) evolving via BFKL,
or better via extensions involving DGLAP corrections like Kimber-Martin-Ryskin (KMR),
Kwiecinski-Martin-Stasto (KMS) or CCFM.

fo/B (XB,,uz) — collinear PDF

0 g-b—2j — partonic cross section, computed with off-shell incoming gluon in a gauge
invariant way. Methods for gauge invariant off-shell amplitudes:

[E. Antonov, L. Lipatov, E. Kuraey, |. Cherednikov, Nucl.Phys. B721 (2005) 111-135]
[A. van Hameren, PK, K. Kutak, JHEP 1212 (2012) 029; JHEP 1301 (2013) 078]
[PK, JHEP 1407 (2014) 128]

[A. van Hameren, JHEP 1407 (2014) 138]

[A. van Hameren, M. Serino, JHEP 1507 (2015) 010]

No saturation in this formalism (although one can ’inject’ it by using nonlinear UGD).

" L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys.Rept. 100 (1983) 1-150

2 J.C. Collins, R.K. Ellis, Nucl.Phys. B360 (1991) 3-30

8 S. Catani, M. Ciafaloni, F. Hautmann, Nucl.Phys. B366 (1991) 135-188

4 M. Deak, F. Hautmann, H. Jung, K. Kutak, JHEP 0909 (2009) 121 (hybrid)



Generalized TMD factorization: Pt > kr ~ Qs

Leading twist formula with several process-dependent TMD gluons’-?

do a2
dy; d2pry dy.d?pr

H\" — hard on-shell factors
7—';;) — TMD Gluon Distributions with the operator definitions of the type

detd?é oA &t iRy Er v ’
f rp S Pal T {F (£) [£,0], F (0) [0.€]5, | Ipa)

where the Wilson lines [£, O]C,_ depend on the particular diagram it accompanies. The
operator position ¢ is off the light-cone.

2 2
Z fa/B XB, P Z 7'-3 XA, k ag_,cd (Xa, XB)
a,C

' F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan Phys.Rev. D 83 (2011) 105005
2 C.J. Bomhof, PJ. Mulders, F. Pijiman, Eur.Phys.J.C. 47, 147 (2006) 5



Generalized TMD factorization: Pt > kr ~ Qs

Leading twist formula with several process-dependent TMD gluons’-?

=2 Z fa/B (XB, P?-) Z ?;(g (XA, k-,2—) Hég—»cd (XA, XB)
a,c,d i

do a2
dy; d2pry dy.d?pr

H\" — hard on-shell factors
7—';;) — TMD Gluon Distributions with the operator definitions of the type

detd?é oA &t iRy Er v ’
f rp S Pal T {F (£) [£,0], F (0) [0.€]5, | Ipa)

where the Wilson lines [£, O]C,_ depend on the particular diagram it accompanies. The
operator position ¢ is off the light-cone.

F~(pal Tl (&) UTTFT (0) Uty lpa)y,  F&~(pal TH{F (&) U Tl i (0) UM} pa),
rylel ] .
T~ (Pal THF (€) Loy (0) U} pa). ¢;§)~N—<pA|Tr{F*'(f)(u[D”}Tr{F*'(0)w[51}|pA>,
c
gg~<pA|Tr{F (f)'u[” F ) UM ipa),  Fog~pal TH{F (&) UL F (0) U} pa),
] . ) . [
739~ oAl T (&) U ) B ) 79~ ol T (€)1 (0) ) (T ) Iow)

UP = U(0, 200; 07) U200, 5 £7) U = ety — gl g0

' F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan Phys.Rev. D 83 (2011) 105005
2 C.J. Bomhof, PJ. Mulders, F. Pijiman, Eur.Phys.J.C. 47, 147 (2006) 5



Generalized TMD factorization

Is it usable?

It can be compared with the CGC results in the back-to-back limit (kr < Pr).
In the large N, and the gaussian approximation this leads to an effective factorization
= all UGDs can be expressed' by only two fundamental> UGDs (but related in this limit):

Tq(gz) (x, k%) ~ quqT Tg(gs (x qT)?qg (x |kt — g7l )
T
73 (k) ~ [T (1.8)78) (e =)
2
78 () ~ [ (ar =) ar 7 () 75 (ke — arf)
T

9,__(1)()( k2)~ d2qrd2Q'r7__(3)(X 2)?_(1)()( /2)T(1)(x lkr = qr - ,|2)
99 o7 q2 99 > dr fele] >dr qg »|Kr —qr —Qqr

T

© dipole: 7y = xG® ~ (pal T{F (¢) UITTF (0) U} pa)
appears directly in: inclusive DIS, inclusive jet in pA

@ Weizsacker-Williams (WW): ) = xG(M ~(pa| Tr{F (£) UM F (0) UM} |pa)
appears directly in dijets in DIS

" F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan Phys.Rev. D 83 (2011) 105005
2 Dmitri Kharzeeyv, Yuri V. Kovchegov, Kirill Tuchin, Phys.Rev. D68 (2003) 094013



Improved TMD factorization (ITMD): Pt > Qg

Improved factorization formula having two limiting cases’

@ Generalized TMD when Pr > kr (saturation)
@® High Energy Factorization when Pr ~ kr (jet decorrelation regime)

do,
29 Z faiB XB,PT Z q’agﬁcd XA»kT)Kachd (Xa, Xg, k1)
a,c,d

dy1d?prydy>d2pr

" PK., K. Kutak, C. Marquet, E. Petreska, S. Sapeta, A. van Hameren, JHEP 1509 (2015) 106 7



Improved TMD factorization (ITMD): Pt > Qg

Improved factorization formula having two limiting cases’
@ Generalized TMD when Pr > kr (saturation)
@® High Energy Factorization when Pt ~ kr (jet decorrelation regime)

doas

fars XB’PT o) —cd XA’kT)K Hd(XAJ(B,kT)
dy1d2p7'1dy2d2p7—1 ; Z ag—c ag—c

) _ g 5@ 2@ _ () o _ _1 2=(1) _ =) @ (B) _ 22
Pog-gq = Fag » Pag-gq = I\P 1 (N Fag' = Tag ) ¢gg_.q§ N2 (N Foo' =T ) ¢gg—>qq Fag —NeFgq
(1) 1 (N2 D) _oz@) L () L 6) |, p2=®)) @ 1 (N2F@ 5@ L =(4) | (5) , p2(6)
(Dggﬁgg W(chgg _27'-99 +ng +7'~.qg +Nc7'~gg ) (Dggﬁgg N2 (Nchg _Zng +ng +7'-gg +Nc7'-gg )
c (4
(32 + = T (82 + P (?2 +E2)(Uﬁ+??)
ko IEAT) (s @ _ G SE+T) o _ 1 (T
a=eq 2tis Nz2up ) 999 Ne tio 0 9979 2N, ssto
2 2\(=~ | T =a 2 2\ (-~ T =a
K(z) _ 1 (t +u ) uu+tt—ss) @ 1 (t +u )(uu+tt—ss)
99-99  AN2CE ssto * Nog-aa — 4NECr ssto ’
=4 | A A\ (=~ —4 A A\ (=~ | A=A
) N, (s +1 +0*)(uo+ 1) o N (s 4+t +u) ut + 1t - 58)
99-99 = Cp tHo0ss e -ToS tooss

3,1, 1 — ordinary Mandelstam variables, § + f + & = k2
51,0

off-shell momentum is replaced by its longitudinal component of off-shell momentum, s + U+t =0

" PK., K. Kutak, C. Marquet, E. Petreska, S. Sapeta, A. van Hameren, JHEP 1509 (2015) 106



Gluon distributions: GBW model

How to obtain all gluon distributions?

To start, we take the Golec-Biernat-Wusthoff (GBW) model:

N,S, k2 k2 x \*
G’k2:(1),k2:cL T _T’ — 02X
XGg (X, k?) = Fyq (x. k%) 250: 00 P\ @ ) Qs (x) = @3 ”
Assuming gaussian distribution of colour sources, the WW gluon xG; (x, k?) can be related

to xGz (x, k%) hence all five gluons can be calculated analytically’

pu—-y )]
20 F'7 g "
— F (dipole )
2 a9
FD 20
5 ) F(3) o5 (Weisacker —-Williams )
15 —F
2 15
—F@
10
— F (&)
F™™ g

' E. Petreska, Proceedings, 7th International Workshop MPI@LHC 2015



Gluon distributions: realistic model

Problem: GBW model has wrong large-kr behaviour...

More realistic T;;) is given e.g. by the nonlinear extension' of the
Kwiecinski-Martin-Stasto? (KMS) evolution equation (below 7-}(;) =F):

2
(@ () E-d)-07 () er(sie
T(Xkr) %ka achfdzfz q? — : : T + TT(Z, T)
Kro 97

|of - 7| Jact +Kd
as (! oN,\ (5 X X 5
27rk$ L dz {(ng (z2) - )jk‘%o dcﬁ'T(E,cﬁ')‘f‘Zqu (Z)Z(E,kr)

2 dq? dgz  (q
:25 { f$ q—ZTTS‘-‘(x,qT) +7-‘(x kT)fkT qTT In [kz)?‘(x,q%)}

This equation was fitted to HERA data for proton by Kutak-Sapeta (KS)®.
For nucleus Ry = RA'/? is used so the nonlinear term is enhanced by A’/ (in the UGDs
per nucleon).
In addition, we vary R, by a parameter 1/d to access the theory uncertainty.
1 K. Kutak, K. Kwiecinski, Eur. Phys. J. C 29 (2003) 521

2 J. Kwiecinski, Alan D. Martin, A.M. Stasto, Phys.Rev. D56 (1997) 3991-4006
3 K. Kutak, S. Sapeta, Phys. Rev. D 86 (2012) 094043




Gluon distributions: realistic model

10!

KS TMDs in proton

KS TMDs in lead

log(k¢?)

All gluons start to merge for large kr (except ?‘g(gz) which vanishes) = correct HEF limit.

" A. van Hameren, PK., K. Kutak, C. Marquet, E. Petreska, S. Sapeta, arXiv:1607.03121

10



Dijets in dilute-dense pA collisions

Realistic setup at LHC

e reconstructed dijet system has
the minimal pr around ~ 20 GeV

e both jets are forward (in the
proton direction) — rapidity y of
~ 3.5 or more

= This event (from PYTHIA):

e jets with pry ~ 27 GeV,
pr2 ~ 30 GeV

foo0 ® ¥ >35

e 9 MPI events (not all visible;
each in different color)

e jet disbalance gr ~ 10 GeV

11



Results’ for nuclear modification ratio Rppy, at LHC

CM energy: VS = 8.16 TeV

e require two jets with
(A¢)? + (An)® > R, R =05

transverse momenta cuts:
Pr1 > P12 > 20 GeV

rapidity cuts: 3.5 < yy,y» < 4.5

" A. van Hameren, PK., K. Kutak, C. Marquet, E. Petreska, S. Sapeta, arXiv:1607.03121



Results’ for nuclear modification ratio Rppy, at LHC

x fractions probed

CM energy: VS = 8.16 TeV

[ )
14 |
° reqwge two Jetg Wlth2 Yo 816 Tev
(A¢) + (A’]) >R 5 R =05 e pr1>pr2 > 20 GeV |
e transverse momenta cuts: ol Pemnes |
Pr1 > P12 > 20 GeV
o rapidity cuts: 3.5 < y4, ¥, < 4.5 g i il

0 L L L I |
0 5e-05 0.0001 0.00015 0.0002 0.00025

XA

0.0003

" A. van Hameren, PK., K. Kutak, C. Marquet, E. Petreska, S. Sapeta, arXiv:1607.03121



Results for nuclear modification ratio Rpp, at LHC

Azimuthal decorrelatio

1.8

T T T T T T
ITMD (KS) with S(xx), d=0.50 —=—-= ITMD, d=0.5 ——
ITMD (KS) with S(x), d=0.75 —— HEF, d=0.5 —=—--
1.6 - B 1.6 4
VS = 8.16 TeV VS = 8.16 TeV
1.4 L

pPr1>pr2 > 20 GeV
3.5<y1,y2<4.5

PT1>PT12 > 20 GeV
3.5<y1,y2<4.5

1.2 4 12 | e
3
10
0.8 [
0.6
0.4 | 4 0.4 g
0.2 . . . . . @ [ \ \ \ \ \ \ \
2 2.2 2.4 2.6 2.8 3 1.6 1.8 20 22 24 26 28 3.0
Ap Ao
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Results for nuclear modification ratio Rpp, at LHC

Azimuthal decorrelations

Including Sudakov resummation (a model of):

1.8 T T T T T
ITMD+Sudakov, d=0.5 ——
ITMD, d=0.5 = =weeeeee

1.6 - ITMD+Sudakov, d=0.75 i
ITMD, d=0.75 _————

1.4 VS = 8.16 TeV 4

PT1>P12 > 20 GeV
1.2 3.5<y1,y2<4.5 i

0.4 1

0.2 L L L L L L L L

13



Results for nuclear modification ratio Rpp, at LHC

Jet pr spect

leading jet spectrum:

1.8

1.6

1.4

ITMD (KS) with S(x), d=0.5
ITMD (KS) with S(x), d=0.7

o

1.8
q 1.6
VS = 8.16 TeV
q 14
Pr1>PT12 > 20 GeV
3.5<y1,y2<4.5
q 1.2

VS = 8.16 TeV
pr1>pr2 > 20 GeV
3.5<y1,y2<4.5

T T
ITMD, d=0.5 ——
HEF, d=0.5

0.4 q 0.4
0.2 : : : : : 0.2
200 250 300 350 40.0 450  50.0 20.0
PT1

25.0 30.0

35.0
PT1

40.0 45.0

50.0
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Results for nuclear modification ratio Rpp, at LHC

Jet pr spect

sub-leading jet spectrum:
1.8 | . : 1.8 T T T r T
ITMD (KS) with S(x), d=0.50 o ITMD, d=0.5 ——
ITMD (KS) with S(x), d=0.75  =emeeeeees HEF, d=0.5  —w===
16 B 1.6 [ B
VS = 8.16 TeV VS = 8.16 TeV
14 Pri>pr2 > 20 GeV 7 L4 pry>pry > 20 GeV y
3.5<y1,y2<4.5 3.5<y1,y2<4.5
121 B 1.2 B
e ] .
o o
0.8 T
0.6 - B 0.6 [- B
0.4 - - 0.4 4
0.2 L L L L L 0.2 | | | | |
200 250 300 350 40.0 450  50.0 200 250 300 350 40.0 450  50.0
P2 P2
o

14



The WW gluon distribution issue

Gaussian approximation

In general WW gluon G() and dipole gluon G®® are independent.

They are related only in ‘gaussian approxmiation’:

4 d?qr a
Vi, G (x, kr) = f *— G® (x,qr) G® (x, lkr - qrl)
i NcS. 97 (kr—gr)?

and this is what was used in our calculations.

e the most basic process WW gluon appears directly is the dijet production in yA
collisions

e there are no fits of this gluon

Can we learn about WW gluon from Ultra Peripheral Collisions at LHC?




ITMD for Ultra Peripheral Collisions

Factorization formula (direct photon)

dN.
doag_oj ~ fdwd_a:/ G" (XA9 k%) K,g—qq (Xa, Xa, k)

N,
4o — photon flux from nucleus, w = xgEpy,

K, ¢—qg — off-shell hard factor for yg* — qq process

16



ITMD for Ultra Peripheral Collisions

Factorization formula (direct photon)

dN
doagzj ~ fdwd_aj G" (XA’ k72-) Kyg—ag (Xa» Xa, k7)
% — photon flux from nucleus, w = xgEpy
K, g—qg — off-shell hard factor for yg* — qq process

What x can we probe?

The formalism requires:
asymmetric kinematics with
Xg > Xa and x5 small




or Ultra Peripheral Collisions

Factorization formula (direct photon)

dN.
do oo ~ fdwd_a:/ G" (XA, k%) K, g—qq (Xa» Xs, kT)
% — photon flux from nucleus, w = xgEpy
K,4-.q5 — off-shell hard factor for yg* — qq process

What x can we probe?

8000

T
UPC with A=Pb
ITMD with KS |

7000

VS =5.1Tev
6000 Pri>pr2 > 25 GeV
0<y1,¥2<5.0
5000 -

The formalism requires:
asymmetric kinematics with
Xg > Xa and x4 small SUD|e

2000

4000

do/dx [nb]

1000

0 L
0.0001 0.001 0.01 0.1




ITMD for Ultra Peripheral Collisions

Factorization formula (direct photon)

dN.
do oo ~ fdwd_a:/ G" (XA, k%) K, g—qq (Xa» Xs, kT)

N,
4o — photon flux from nucleus, w = xgEpy,

K,4-.q5 — off-shell hard factor for yg* — qq process

What x can we probe?

1.6e+06

X
1.4e+06
1.2e+06

1e+06

The formalism requires:
asymmetric kinematics with
Xg > Xa and x4 small CLD):

800000 [

do/dx [nb]

400000 -

200000 -

T
UPC with A=Pb
ITMD with KS |

VS =5.1Tev
Pri>pr2 > 10 GeV 7
0<y1,y,<5.0

0
0.0001




ITMD for Ultra Peripheral Collisions

Factorization formula (direct photon)

dN.
do oo ~ fdwd_a:/ G" (XA, k%) K, g—qq (Xa» Xs, kT)
% — photon flux from nucleus, w = xgEpy
K,4-.q5 — off-shell hard factor for yg* — qq process

What x can we probe?

2e+07 T

T
UPC with A=Pb

1.8e407 [V ITMD with KS

1.6e+07 VS = 5.1 Tev 1

Pr1>pr2 > 6 GeV
1.4e+07 - 0<y4,y2<5.0

The formalism requires: ey
asymmetric kinematics with

Xg > Xa and x4 small

1e+07

do/dx [nb]

8e+06 -

6e+06

4e+06 -

2e+06

0 L f
0.0001 0.001 0.01 0.1




ITMD for Ultra Peripheral Collisions

Results for nuclear modification ratios R4

UPC
R.— do,,
YA = UPC

AdO’Ap

where A = Pb and the do",;€ is with jets going in the nucleus direction.

17



ITMD for Ultra Peripheral Collisions

esults for nuclear modification ratios

leading jet pr

subleading jet pr

i3

1.2

1.1

0.7

0.6

0.5

T T T T
LO Collinear (FGS10H) =======-
ITMD (KS) ——

UPC with A=Pb

VS =5.1TeV
PT1>PT2 > PTO
0<y1,¥2<5.0

leading jet

10 15 20 25 30 35
pr1 [GeV]

40

1.3

1.2

11

0.7

0.6

0.5

L0 Collinear (FGS10H) wwmerer
ITMD (KS) ——

UPC with A=Pb

VS =5.1TeV

PT1>PT2 > PTO
0<y1,y2<5.0

subleading jet

.
10 15 20 25 30 35
pr2 [GeV]

40
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ITMD for Ultra Peripheral Collisions

Results for nuclear modification ratios

azimuthal disbalance rapidity
pro = 25 GeV Pro = 25 GeV
P10 = 10 GeV »eemeeeees A | pro = 10 GeV i
14 oo = 6 GeV UPC with A=Pb g L4 6 Gev
ITMD with KS
UPC with A=Pb VS = 5.1 TeV
PT1>PT2 > PTO
12 4 =2y 0<y1,y2<5.0 )

<
< ES il |beoooscocsocossnoassnsossosssocosod
CZ> [-3
~ 0.8 -
0.8 - 4
VS =51TeV
PT1>PT2 > PTO ITMD with KS
0<y1,y2<5.0 0.6 [ 4
06 |- Y1.Y2 i
L L L L L L
4 4 4 4 4 0 0.5 1 i3 2 2.5 3 33
2 22 2.4 2.6 2.8 B
Y1
Ae
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Summary & Outlook

e Phenomenology in saturation regime for forward dijet production

« it requires several unintegrated gluon distributions, in particular G and G®

o atlarge N; in gaussian approximation they are all related

« so far G(") is only accessible through models or through the gaussian
approximation from G®®

« forward dijets in eA or UPC probe G(") directly

e Monte Carlo implementations of the ITMD framework

o calculations (within gaussian approximation) give strong saturation effects at
LHC in pA and rather weak but visible in UPC

[A. van Hameren, P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, arXiv:1607.03121]

e Possible further directions:

¢ beyond gaussian approximation and large N, (c. varquet, E. Petreska, C. Roiesnel, JHEP 1610 (2016) 065]
o exact double logs of the Sudakov type a H. mueler, Bo-wen xiao, Feng Yuan, Phys Rev. Deg (2013) 114010]
o complete evolution of UGD for any X i saiisky, A Tarasov, JHEP 1606 (2016) 164]

18
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High Energy Factorization

Comparison with data

Dijet decorrelations are nicely described by the High Energy Factorization.

[A. van Hameren, PK, K. Kutak, S. Sapeta, Phys.Lett. B737 (2014) 335-340]

le+08
1le+07
o
a le+06
S
g
o)
S 100000
10000
1000

forward-central dijets

T T T T T
KS nonlinear + Sudakov E==
CMS PAS FSQ-12-008 H—a—i

VS = 7.0 Tev
Pt1,Pr2>35 GeV
Iy11<2.8, 3.2<|y,|<4.7

f =

==

, & ]

1/0 do/Ag

0.8

0.6

0.4

0.2

forward Zy + jet

Ks+Sudakov =21 ' ' '
L LHCD data —o—

VS =7.0TevV

Prj>10 GeV, pry1,pr2>20 GeV
2<y;y,1.¥2<4.5

60 GeV<M,,,<120 GeV.

[ (preliminary)
. . . . . !
0 05 1 15 2 25 3
Lo

35

We can improve TMD factorization by introducing off-shellness to the hard factors.
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Constructing ITMD

e We revise the calculation of TMD gluon distributions using color decomposition of
amplitudes

Ma1-8N (8/1{1,...,81NN) = Z Tr (1% t%2 ... t%n) M(V‘ ,0';"2 ...,cr,i,"“)

TESN_1

a;- color indices, sf" - polarization vectors with helicity 2;, Sy_1 - set of noncyclic
permutations.
We conclude that there are only two independent TMDs ®(), j = 1,2 (being a

combination of Tq(;)’s ) needed for each channel.

e We calculate off-shell gauge invariant color-ordered helicity amplitudes.

Methods for gauge invariant off-shell amplitudes:
[E. Antonov, L. Lipatov, E. Kuraey, |. Cherednikov, Nucl.Phys. B721 (2005) 111-135]
[A. van Hameren, PK, K. Kutak, JHEP 1212 (2012) 029; JHEP 1301 (2013) 078]
[A. van Hameren, JHEP 1407 (2014) 138]

[PK, JHEP 1407 (2014) 128]

[A. van Hameren, M. Serino, arXiv:1504.00315]
v
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Constructing ITMD

Color-ordered off-shell helicity amplitudes

In spinor formalism, the non-zero off-shell helicity amplitudes have the form of the MHV
amplitudes with certain modification of spinor products:

P S S s

Mgrg-gq(17,27,8,4%) = 2% p; (1+2)(23)(34)(41*)
i <1*3>4

* o N=20Pp1

Mggge(1°.24,37,4%) = 2¢ p; (1°2)(23)(34)41")
) (1*4y*

x ot gt =20°p1 e

Mygg(1,2,8°.4°) = 2% o1 e

where (ij) = (ki — |kj+) with spinors defined as |ki+) = % (1 £ys) u(k).
Modified spinor products involve only longitudinal component of the off-shell momentum
(1*iy = {pai). Similar expressions can be derived for quarks.

[A. van Hameren, PK, K. Kutak, JHEP 1212 (2012) 029]
V.




Generalized TMD Factorization

Example: TMD for a particular diagram

[C.J. Bomhof, PJ. Mulders, F. Pijlman, Eur.Phys.J.C. 47, 147 (2006)]

(Pal THF T (&) UMTTF (0)

[ Tra Nt

— = qq+l -]
N, U +u ]HPA)
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